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Spatiotemporal spin fluctuations caused by spin-orbit-coupled Brownian motion 
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We develop a theory of thermal fluctuations of spin density emerging in a two-dimensional electron 
gas. The spin fluctuations probed at spatially separated spots of the sample are correlated due to 
Brownian motion of electrons and spin-obit coupling. We calculate the spatiotemporal correlation 
functions of the spin density for both ballistic and diffusive transport of electrons and analyze them 
for different types of spin-orbit interaction including the isotropic Rashba model and persistent spin 
helix regime. The measurement of spatial spin fluctuations provides direct access to the parameters 
of spin-orbit coupling and spin transport in conditions close to the thermal equilibrium. 
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Thermal and quantum fluctuations of observables are 
canonical examples of stochastic processes which are in¬ 
herent to physical systems. Since the discovery of the 
random motion of pollen grains suspended in water by 
R. Brown followed by the theoretical works by A. Ein¬ 
stein pQ and M. Smoluchowski [2j, the study of fluctua¬ 
tions has become central to statistical physics and kinet¬ 
ics. The advances in optical spectroscopy have triggered 
the research of fluctuations of electron spins in atomic 
systems Gnu and, more recently, in semiconductor struc¬ 
tures including bulk materials EH2, quantum wells 0- 
m, quantum wires Q3HT3], and quantum dots PEME]. 
Owing to the fundamental connection between fluctua¬ 
tions and dissipation processes, such a spin noise spec¬ 
troscopy is becoming a powerful tool for studying the 
spin dynamics in conditions close to thermal equilibrium 
and for determining the spin relaxation times, g-factors, 
parameters of exchange and hyperfine interactions, etc., 
see recent review papers fl9l 2Cf. 

The study of spin noise in semiconductors has been 
focused so far on the evolution of spin fluctuations in 
time (or the spectral density of fluctuations) [5MT21 UTl 
H5j . However, already in the first experiments on spin 
noise in an electron gas it was found that the dynam¬ 
ics of spin fluctuations is sensitive to the spatial size of 
the probed area of the sample due to diffusion of elec¬ 
trons out of this area [8]. Moreover, the general analysis 
shows that the temporal and spatial correlations of spin 
fluctuations emerging in an electron gas are coupled due 
to Brownian motion of electrons and spin-orbit interac¬ 
tion. Therefore, a natural and consistent description of 
the spin noise in an electron gas is spatiotemporal. Mean¬ 
while, such a study of the spin noise has been limited up 
to now to one-dimensional systems m in which the mo¬ 
tion of an electron in the real space and its spin rotation 
are locked and the spin dynamics is rather obvious. In 
systems of higher dimensions, the spin dynamics is com¬ 
plicated by the diversity of electron trajectories and the 
one-to-one correspondence between the real-space shift 
of electrons and the spin rotation angle vanishes. Here, 
we develop a theory of propagating spin fluctuations in a 


two-dimensional electron gas confined in a quantum well 
(QW). We calculate the spatiotemporal correlation func¬ 
tions of the spin density for both diffusive and ballistic 
regimes and show that the correlation functions provide 
a direct information on the spin-orbit coupling in an elec¬ 
tron gas and parameters of the spin transport. We show 
that the correlations of spin fluctuations drastically in¬ 
crease in the regime of persistent spin helix [21], which 
suggests a noninvasive method for probing this intrigu¬ 
ing phenomenon. Since the access to electron spin den¬ 
sity with high spatial and temporal resolutions is exper¬ 
imentally available nowadays [221J24] . the measurements 
of fluctuations will enable the study of spin waves and 
spin diffusion processes in conditions close to the ther¬ 
mal equilibrium. 

The Gedankenexperiment we consider is illustrated in 
Fig-0 A two-dimensional electron gas confined in a semi¬ 
conductor quantum well is in thermal equilibrium. The 
gas is spin unpolarized, however there are incessant fluc¬ 
tuations of the spin density. The spin fluctuations prop¬ 
agate in the QW plane due to Brownian motion of elec¬ 
trons and precess in the effective magnetic field caused 



FIG. 1 . Probe-probe measurements of the spatial correlations 
of spin fluctuations in an electron gas. Fluctuations of the spin 
density at the points rq and r 2 are correlated due to Brownian 
motion of electrons. The sign of the correlation function, 
positive or negative, depends on the distance rq — r 2 and the 
frequency ft(p) of spin precession in the effective magnetic 
field which acts upon the electron spins when electrons walk. 
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by spin-orbit coupling. In quantum wells, the frequency 
of spin precession H depends linearly on the electron mo¬ 
mentum p which leads to a relationship between the elec¬ 
tron trajectory in real space and spin rotation angle. As 
a result, the Brownian motion of electrons leads to cor¬ 
relations of the spin density probed at different spots of 
the sample. Whether the spin fluctuations at the points 
ri and r *2 are positively or negatively correlated depends 
on the average spin rotation angle when electrons walk 
between r\ and r 2 points which depends on the distance 
r = r 1 — 7*2 and the effective magnetic field strength. 

To characterize the fluctuations we introduce the corre¬ 
lation functions of the spin density S(ri,ti) and S(r 2 , £ 2 ) 
at different points of the sample. For spatially and tem¬ 
porally homogenous systems, the correlation functions 
depend on the time difference and coordinate difference 
and are defined by 

K a p{r-L -r 2 ,ti -t 2 ) = ({-S a (n,ti), Sp(r 2 ,t 2 )}) , (1) 


where S a (ri,ti) = V^(rq, t\) is the spin den¬ 
sity operator, is the electron-field operator, a a 

are the Pauli matrices, {A, B} = (AB + BA)/ 2 is the 
symmetrized product of the operators, and the angular 
brackets denote averaging with the quantum-mechanical 
density matrix corresponding to thermodynamic equilib¬ 
rium. The necessity to use the symmetrized product of 
S a (r T,H) and §1 3 ( 7 * 2 ,£ 2 ) is caused by the fact that dif¬ 
ferent components of the spin density operator do not 
commute with each other. The correlation functions sat¬ 
isfy the relations K a p(r,t) = K*p(r,t), K a p(r,t) = 
K( 3 a(—r,—t), and K a p(r,t) = K a p(r,—t); the latter is 
due to time inversion symmetry in the absence of an ex¬ 
ternal magnetic field. 

We calculate the correlation functions by using 
the fluctuation-dissipation theorem m that relates 
the Fourier components of the correlation functions 
K a p(q,uj) = f f K a p(r,t) e 1Uit ~ iq ' r dt dr to the Fourier 
components of the spin susceptibility XapiQ^), 


„ , \ X*0(q,u)-Xp a (<l’U) hu) 

K aP (q,u) = - — -coth —. ( 2 ) 


Here, Xaf3{q^) is defined as the linear response, 
S a (q,uj) = Xap(q,w)Fp(q,u), of the spin density 
S a (q,uj) to the “force” Fp(q,uj) whose action upon the 
system is described by the Hamiltonian perturbation 
V = — / 5(r, t) • F(r , t)dr, and T is the temperature. 

The susceptibility Xap(<l,w) is readily expressed 
via retarded and advanced electron Green’s functions 
G^ ,A (r,r') as follows 


where m* is the effective mass, S a p is the Kronecker 
delta, the angular brackets denote averaging over the dis¬ 
order, and we assume that the electron gas is degenerate, 
hq <C Pf an d kuo <C with pp and Sp being the Fermi 
momentum and the Fermi energy, respectively. 

Averaging over the positions of impurities leads to the 
sum of the ladder diagrams. For the case of short-range 
scattering, the sum of the ladder diagrams has the form 


huj 

m*5 a p i f de 


= w-j/ 

h 3 


- / —Tr 
2 tt 
0 


E a » G p, S a P G p- 


hq,£—huo 


L P 


m r 


^CgGp^Gp' ,e a P G t'-hq ,e-hu G \ 


hq,£—huj^p— hq,£ — Huj + • • • 

(4)' 


where G p ’ A are impurity-averaged Green’s functions, 

ftR,A _ _ 1 _ 

p,£ Ep + 5 — p 2 /2m* — (H/2)Cl(p) • cr db ih/2r ’ 

(5) 

r is the relaxation time, fi(p) is the Larmor frequency 
corresponding to the effective magnetic field. 

Straightforward calculation of the series @ yields 

YYl* 

Xap(q, u) = ^2 + iwT «/3(9, ^)] , (6) 

where T(q,ui) is the spin lifetime tensor, 

T(q,u) = rC(q,u)[l - C(q,w)] _1 , (7) 


C(q,u) is the matrix is given by 


C af3 (q,u)) = J 


dpp qda.fi ^a/37^7^ T lv 

2i r rf + H 2 r 2 


, ( 8 ) 


77 (p) = 1 — ic or + i (r/m*)q • p, e a p 1 is the Levi-Civita 
tensor, p p is the polar angle of the momentum p, and 
|p| = pf. We note that the tensor T(q,oj) describes also 
the spin density S(q , uj) emerging in the sample when the 
spin is generated at the Fermi level at the rate 
S a = T a pGp. Calculation of the spin lifetime tensor T 
in the framework of the Boltzmann equation in station¬ 
ary and spatially homogenous case for QWs of different 
symmetry and arbitrary Hr is described in Refs. [26, [27] . 

Combining Eqs. © and ([6| we obtain the correlation 
functions at T >> huj 


K a0 (q,ijj) 


m*T 

Airh 2 


[T a p(q,v) + T p a {q,uj)\ • 


(9) 


w) = ~\j S/ dr J dr ' (3) 

o 

x Tr (<7 Q Gf (r, r')ap G f_ hu (r', r)) e iq{r '~ r \ 


Equation © describes the spatial and temporal cor¬ 
relations of spin density fluctuations emerging in two- 
dimensional electron gas for arbitrary form of the effec¬ 
tive magnetic field and arbitrary parameter Hr. Below, 
we discuss the correlations for the ballistic (Hr 1) and 
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FIG. 2. Spin density correlation functions K a p(r : t) for the 
Rashba spin-orbit interaction and coordinate difference r || x 
between the points where the spin fluctuations are probed. 
Map are calculated for Qrt =s 5 which is close to ballistic 
transport of electrons between the points. 
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FIG. 3. Spin density correlation functions K a p(r,t) for the 
Rashba spin-orbit interaction and coordinate difference r || x 
between the points where the spin fluctuations are probed. 
Maps are calculated for Qrt = 0.2 which corresponds to dif¬ 
fusive transport of electrons between the points. 


diffusive (Dr <C 1) regimes of spin dynamics. We con¬ 
sider (OOl)-oriented QWs where the p-linear spin-orbit 
coupling is described by the effective magnetic field 


ft(p) = [(&D + ^ r)Pv/PF , (&D - Qr)Px/PF, 0] , (10) 


Qd and Qr are the Dresselhaus and Rashba field 
strengths at the Fermi level, respectively, x || [110] and 
y || [110] are the crystal-structure-enforced eigen axes in 
the QW plane, and 2 is the QW normal [28] . 

Figure [2] shows the coordinate and time dependence of 
the correlation functions K a p(r,t) for ballistic transport 
of electrons between the spots where the spin fluctuations 
are probed. The maps are calculated for the Rashba ef¬ 
fective magnetic field. The pronounced correlations of 
the spin fluctuations probed at the spots separated by the 
distance r emerge at the time delay t = (m* /pp)r that 
follows from the ballistic behavior of electron transport. 
The correlation function contains both the diagonal K aa 
and off-diagonal K a p (a j- /3) components. The latter 
originate from the precession of electron spins in the ef¬ 
fective magnetic field when electrons propagate between 
the spots. The precession is also responsible for the os¬ 
cillatory behavior of the correlation functions. Figure [2] 
is plotted for r || x. Accordingly, the Rashba field for 
electrons propagating between the spots points along the 
y axis and couples the x and 2 components of the spin 
density. The frequency of spin precession is given by Qr 
which results in the oscillations of the correlation func¬ 
tions in real space with the wave vector q = Qriti* /pp. 

In the case of arbitrary effective field f2(p), the corre¬ 
lation function in the ballistic limit has the form 


K(r,t) 


87 T 2 h 2 r 


ft 



S(r - v F \t\), 


( 11 ) 


where R[S] is the matrix of rotation by the angle © and 
vf = Pf/w* is the Fermi velocity. In particular, the K zz 
component for (OOl)-oriented QWs assumes the form 


K zz = 


COS (o.'zty/ 1" — sin 2(j) cos2 S(r—VF\t \), 

( 12 ) 


where = y/D^ + D^, <fi = arctan(D^/D^), and <p r = 
arctan (y/x) is the polar angle of the vector r. 

Now we turn to diffusive transport of electrons. 
The calculated dependence of the correlation functions 
K a p(r, t) on coordinate and time for this regime is shown 
in Fig. [3] The fluctuations of spin density at the spots 
separated by the distance r get correlated at the time 
delay t > r 2 /D , where D = v 2 f t/2 is the diffusion coeffi¬ 
cient. Despite the diffusive transport, for which electrons 
can travel along many different trajectories, the correla¬ 
tion functions do contain oscillations as a function of dis¬ 
tance. This can be attributed to the fact that the major 
contribution to correlations is given by the diffusive tra¬ 
jectories which are close to the straight line connecting 
the spots. 

An analytical equation for the correlation function in 
the diffusive regime can be derived from Eqs. Q -§ by 
considering the case Dr 1 and, hence, uor^DcpT 1. 
Such a procedure yields 

^ , m*T f 1 TT \ 

( 9 , w) - 47rfi2 ( _ iw + r + Dq 2 + 2iDA(q) + ' C 'J ’ 

(13) 

where T a p = rJ(D 2 — Q a Qp) dip p /(2 f) is the 
D’yakonov-PereF spin-relaxation-rate tensor for homo¬ 
geneous spin distribution [29] and A a p(q) = f e a7 pft 7 q • 
pd(p p /(27rm*). The tensor A a p(q) describes the preces¬ 
sion of electron spin at diffusion. At large delay times, 
the correlations are determined by the spin excitations 
with the longest lifetime. For pure Rashba or Dressel¬ 
haus spin-orbit coupling, the K zz component of the cor¬ 
relation function at t ^ 1/D 2 r assumes the form 

„ , ^ _ 3m*OT e-P/ 32 ^ 2 "'* 1 r ( [l5Qr\ 

zz[r,t) ~ 32™ F fi2 v /4^p J ° (V 16 ) ’ 

(14) 

where Jo is the Bessel function. The emergence of 
long-lived spin polarization waves with the wave vector 
q = y/15/16 0,/vf under inhomogeneous spin pumping 
was theoretically predicted by V.A. Froltsov m and ob- 
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FIG. 4. (a)-(d) Correlation function of the out-of-plane spin 
fluctuations K zz in real space in (001)-grown QW. Maps are 
calculated for the delay time t — 20/(Q^r), Qrt = 0.2, and 
different ratio of the Dresselhaus and Rashba terms, (e) Dis¬ 
tributions of the effective magnetic field on the Fermi circle 
for different ratio of the Dresselhaus and Rashba terms. 


served by means of transient spin-grating spectroscopy 
by C.P. Weber et al. [23] . 

Finally, we discuss the spin fluctuations in the pres¬ 
ence of spin splitting anisotropy, caused by interference 
of the Rashba and Dresselhaus terms, which can be very 
pronounced in asymmetric (OOl)-oriented QWs 131'. Fig¬ 
ure [4] shows the dependence of the correlation function 
K zz on the relative position of the probed spots in the 
QW plane. The maps are calculated for different ratio 
of the Dresselhaus and Rashba fields. The anisotropy 
of spin splitting in the momentum space leads to an 
anisotropy of the correlation function in real space which 
turns out to be strong even for small ratio Qr/Qr, cf. 
Figs. [4^i-d and l§. Another striking consequence of the 
interplay of the Rashba and Dresselhaus fields is a dras¬ 
tic increase in the lifetime and amplitude of spin corre¬ 
lations, see Fig. [4j This is due to the fact that, at equal 
strengths of the Rashba and Dresselhaus fields, the SU( 2 ) 
spin rotation symmetry emerges in the system leading to 
an appearance of spin density waves with infinite life¬ 
time (persistent spin helix) [2lJ f32l4[35] . We note that the 
emergence of long-lived waves with the wave vector along 
the y axis can be clearly seen already at Qr/CIr = 0.5, 
Fig. [4ji. An advantage of the spin noise spectroscopy for 


the study of spin helix as compared to the pump-probe 
technique is that no photoexcited carriers and, hence, no 
additional mechanisms of spin dephasing are introduced. 

At large delay times, the correlation function is deter¬ 
mined by the spin density waves with the longest lifetime. 
Such waves are directed along the x or y axis depending 
on the sign of the product QrQr. At Qr^d > 0 , the 
correlation function K zz oscillates along the y axis and 


Eq. (13) yields its asymptotic behavior 


K zz (r,t) oc T - 


=i-7* 


cos (qy) 


(15) 


where the wave vector q and the decay rate 7 are given 
by 


Q = 


V F 



(16) 


- = 9 (flfl - Wz (1 _ 2 1 A 

32 V 9 1+ sin 2<fi) ' 


While the decay rate of the correlation function is mostly 
determined by the difference of the strengths of the 
Rashba and Dresselhau fields, the period of oscillations in 
real space is determined by the sum of the field strengths. 

To summarize, we have developed a theory of spa- 
tiotemporal fluctuations of spin density emerging in a 
two-dimensional electron gas with spin-orbit coupling. 
We have calculated the correlation functions of spin den¬ 
sity for both ballistic and diffusive regimes of electron 
transport and analyzed them for different types of spin- 
orbit coupling that can be realized in quantum wells. The 
correlations of spin fluctuations at large delay times are 
determined by the long-lived waves of spin density and 
drastically increas in the regime of persistent spin helix. 

Financial support by the RFBR, RF President Grants 
No. MD-3098.2014.2 and No. NSh-1085.2014.2, EU 
project SPANGL4Q, and the “Dynasty” Foundation is 
gratefully acknowledged. 


* poshakinskiy@mail.ioffe.ru 

[1] A. Einstein, “Uber die von der molekularkinetischen 
Theorie der Warme geforderte Bewegung von in ruhen- 
den Fliissigkeiten suspendierten Teilchen,” Annalen der 
Physik 322 , 549-560 (1905) 

[2] M. Smoluchowski, “Zur kinetischen Theorie der Brown- 
schen Molekularbewegung und der Suspensionen,” An¬ 
nalen der Physik 21 , 756-780 (1906) 

[3] E. B. Aleksandrov and V. S. Zapassky, “Magnetic reso¬ 
nance in the Faraday-rot at ion noise spectrum,” Zh. Eksp. 
Teor. Fiz. 81 , 132-138 (1981), [JETP 54 , 64 (2011)]. 

[4] S. A. Crooker, D. G. Rickel, A. V. Balatsky, and D.L. 
Smith, “Spectroscopy of spontaneous spin noise as a 
probe of spin dynamics and magnetic resonance,” Nature 
(London) 431 , 49-52 (2004), 
































5 


[5] M. Oestreich, M. Romer, R. J. Haug, and D. Hagele, 
“Spin Noise Spectroscopy in GaAsPhys. Rev. Lett. 95 , 
216603 (2005) 

[6] S. A. Crooker, L. Cheng, and D. L. Smith, “Spin noise of 
conduction electrons in n-type bulk GaAs,” Phys. Rev. 
B 79 , 035208 (2009) 

[7] M. Romer, H. Bernien, G. Muller, D. Schuh, J. Hiibner, 
and M. Oestreich, “Electron-spin relaxation in bulk GaAs 
for doping densities close to the metal-to-insulator tran¬ 
sition,” Phys. Rev. B 81 , 075216 (2010) 

[8] G. M. Muller, M. Romer, D. Schuh, W. Wegscheider, 

J. Hiibner, and M. Oestreich, “Spin Noise Spectroscopy 
in GaAs (110) Quantum Wells: Access to Intrinsic Spin 
Lifetimes and Equilibrium Electron Dynamics,” Phys. 
Rev. Lett. 101 , 206601 (2008) 

[9] Fuxiang Li, Yuriy V. Pershin, Valeriy A. Slipko, 
and N. A. Sinitsyn, “Nonequilibrium spin noise spec¬ 
troscopy,” Phys. Rev. Lett. Ill, 067201 (2013) 

[10] S. V. Poltavtsev, I. I. Ryzhov, M. M. Glazov, G. G. Ko¬ 
zlov, V. S. Zapasskii, A. V. Kavokin, P. G. Lagoudakis, 
D. S. Smirnov, and E. L. Ivchenko, “Spin noise spec¬ 
troscopy of a single quantum well microcavity,” Phys. 
Rev. B 89 , 081304 (2014) 

[11] M. M. Glazov and E. Ya. Sherman, “Theory of Spin Noise 
in Nanowires,” Phys. Rev. Lett. 107 , 156602 (2011) 

[12] P. Agnihotri and S. Bandyopadhyay, “Spin dynamics and 
spin noise in the presence of randomly varying spin-orbit 
interaction in a semiconductor quantum wire,” Journal 
of Physics: Condensed Matter 24 , 215302 (2012) 

[13] Yu. V. Pershin, V. A. Slipko, D. Roy, and N. A. Sinitsyn, 
“Two-beam spin noise spectroscopy,” Appl. Phys. Lett. 
102 , 202405 (2013), 10.1063/1.4807011 

[14] S. A. Crooker, J. Brandt, C. Sandfort, A. Greilich, D. R. 
Yakovlev, D. Reuter, A. D. Wieck, and M. Bayer, “Spin 
Noise of Electrons and Holes in Self-Assembled Quantum 
Dots,” Phys. Rev. Lett. 104 , 036601 (2010) 

[15] Y. Li, N. Sinitsyn, D. L. Smith, D. Reuter, A. D. Wieck, 
D. R. Yakovlev, M. Bayer, and S. A. Crooker, “Intrinsic 
Spin Fluctuations Reveal the Dynamical Response Func¬ 
tion of Holes Coupled to Nuclear Spin Baths in (In,Ga) As 
Quantum Dots,” Phys. Rev. Lett. 108 , 186603 (2012) 

[16] R. Dahbashi, J. Hiibner, F. Berski, J. Wiegand, X. Marie, 

K. Pierz, H. W. Schumacher, and M. Oestreich, “Mea¬ 
surement of heavy-hole spin dephasing in (InGa)As 
quantum dots,” Appl. Phys. Lett. 100 , 031906 (2012), 
10.1063/1.3678182 

[17] V. S. Zapasskii, A. Greilich, S. A. Crooker, Y. Li, G. G. 
Kozlov, D. R. Yakovlev, D. Reuter, A. D. Wieck, and 
M. Bayer, “Optical Spectroscopy of Spin Noise,” Phys. 
Rev. Lett. 110 , 176601 (2013) 

[18] D. S. Smirnov, M. M. Glazov, and E. L. Ivchenko, “Effect 
of exchange interaction on the spin fluctuations of local¬ 
ized electrons,” Phys. Solid State 56 , 254-262 (2014) 

[19] J. Hiibner, F. Berski, R. Dahbashi, and M. Oestreich, 
“The rise of spin noise spectroscopy in semiconductors: 
From acoustic to GHz frequencies,” physica status solidi 
(b) 251 , 1824-1838 (2014) 

[20] V. S. Zapasskii, “Spin-noise spectroscopy: from proof of 
principle to applications,” Adv. Opt. Photon. 5, 131-168 


(2013) 

[21] B. A. Bernevig, J. Orenstein, and S.-C. Zhang, “Exact 
SU(2) Symmetry and Persistent Spin Helix in a Spin- 
Orbit Coupled System,” Phys. Rev. Lett. 97 , 236601 
(2006) 

[22] A. R. Cameron, P. Riblet, and A. Miller, “Spin Gratings 
and the Measurement of Electron Drift Mobility in Mul¬ 
tiple Quantum Well Semiconductors,” Phys. Rev. Lett. 
76 , 4793-4796 (1996) 

[23] C. P. Weber, J. Orenstein, B. A. Bernevig, S.-C. Zhang, 
J. Stephens, and D. D. Awschalom, “Nondiffusive Spin 
Dynamics in a Two-Dimensional Electron Gas,” Phys. 
Rev. Lett. 98, 076604 (2007) 

[24] R. Volkl, M. Griesbeck, S. A. Tarasenko, D. Schuh, 
W. Wegscheider, C. Schuller, and T. Korn, “Spin 
dephasing and photoinduced spin diffusion in a high- 
mobility two-dimensional electron system embedded in 
a GaAs-(Al,Ga)As quantum well grown in the [110] di¬ 
rection,” Phys. Rev. B 83 , 241306 (2011) 

[25] L. D. Landau and E. M. Lifshitz, Course of The¬ 
oretical Physics, Vol. 5 Statistical Physics (3rd ed.) 
(Butterworth-Heinemann, Oxford, 1980). 

[26] A. V. Poshakinskiy and S. A. Tarasenko, “Spin-orbit 
Hanle effect in high-mobility quantum wells,” Phys. Rev. 
B 84, 073301 (2011) 

[27] A. V. Poshakinskiy and S. A. Tarasenko, “Effect of 
Dresselhaus spin-orbit coupling on spin dephasing in 
asymmetric and macroscopically symmetric (llO)-grown 
quantum wells,” Phys. Rev. B 87, 235301 (2013) 

[28] E. L. Ivchenko, Optical spectroscopy of semiconductor 
nanostructures (Alpha Science International, Harrow, 
UK, 2005). 

[29] M. I. D’yakonov and V. Yu. Kachorovskii, “Spin re¬ 
laxation of conduction electrons in noncentrosymmet- 
ric semiconductors,” Fiz. Tekh. Poluprovodn. 20, 178 
(1986), [Sov. Phys. Semicond. 20 , 110 (1986)]. 

[30] V. A. Froltsov, “Diffusion of inhomogeneous spin distri¬ 
bution in a magnetic field parallel to interfaces of a III-V 
semiconductor quantum well,” Phys. Rev. B 64, 045311 
( 2001 ), 

[31] S. D. Ganichev and L. E. Golub, “Interplay of 
Rashba/Dresselhaus spin splittings probed by photogal- 
vanic spectroscopy — A review,” physica status solidi (b) 
251,1801-1823 (2014) 

[32] J. D. Koralek, C. P. Weber, J. Orenstein, B. A. Bernevig, 

S. -C. Zhang, S. Mack, and D. D. Awschalom, “Emer¬ 
gence of the persistent spin helix in semiconductor quan¬ 
tum wells,” Nature (London) 458, 610-613 (2009), 

[33] M. P. Walser, C. Reichl, W. Wegscheider, and G. Salis, 
“Direct mapping of the formation of a persistent spin 
helix,” Nat. Physics 8, 757-762 (2012) 

[34] A. Sasaki, S. Nonaka, Y. Kunihashi, M. Kohda, 

T. Bauernfeind, T. Dollinger, K. Richter, and J. Nitta, 
“Direct determination of spin-orbit interaction coeffi¬ 
cients and realization of the persistent spin helix sym¬ 
metry,” Nat. Nanotechnology 9 , 703-709 (2014) 

[35] J. Ishihara, Y. Ohno, and H. Ohno, “Direct imag¬ 
ing of gate-controlled persistent spin helix state in a 
modulation-doped GaAs/AlGaAs quantum well,” Appl. 
Phys. Express 7 , 013001 (2014) 



